In the solving process of the above set of equations a Newton-Raphson iteration method is used to linearize the convective term (Cuvelier er al., 1986). This term is replaced by:
with I the iteration number and J the Jacobian matrix of N. As stop criterion for the iteration process, the maximal difference between two successive solutions in the same discrete point is used. Because no pressure unknowns appear in the discretized continuity equation (2b). partial pivoting is necessary to solve the velocity and pressure unknowns from the equations (2a) and (Zb). To overcome the problem of partial pivoting. which is very time consuming and has a negative effect on the band structure of the matrix. a penalty function method is used (Cuvelier et al., 1986). enabling the elimination of the pressure unknowns from the discretized Navier-Stokes equation (Za). In this case the discretized continuity equation reads:
with M, the pressure mass matrix and E a very small parameter [O( lo-')] so that the right-hand side of the above equation becomes very small. In addition to the Navier-Stokes and continuity equations, boundary conditions must be considered. In the experimental set-up, the length of the inlet section ensured the flow to be fully developed before it reached the bifurcation model. Therefore, flow at the entrance of the main branch is equal lo Poiscuille flow. At the wall, all velocity components are made equal to zero (no-slip condition). Bccausc the geometry on either side of the bifurcation plant is the same for the model used. it is sutlicicnt to consider only half of the bifurcation. In the plane of symmetry the velocity component normal to this plant and the tangential stresses are supposed to be zero (symmetry condition). At the end of the daughter branches. the normal stress and both tangential strcsscs are made equal to zero (stress-free condition). For a more detailed description of the prescribed boundary conditions, one is referred to van de Vosse ef 01. (1988) .
Elimination of the pressure unknowns, using equation (4). and linearization of the convective term, using equation (3). rcsuhs in a set of linear equations with only velocity unknowns. These equations are solved by a standard direct prolile method. A disadvantage of the direct method is the necessity of a computer with a large central memory. However, the penalty function method applied does not allow the use of an iterative method. Alternative approaches which can be used in combination with a conjugate gradient method are presently under study. The construction of the system of equations as well as the post-processing of the velocity data arc carried out with the tinitc element package Sepran (Scgal, 1982) .
The discrete points, in which velocities or pressures are calculated, are determined by partition of the three-dimensional geometry into elements. The threedimensional element used is known as the Q2-PI element, consisting of 27 nodes for the velocity (tri- flow through the external carotid artery than expected on the basis of the geometry alone. At the entrance of the internal artery (10). high axial velocities are found near the divider wall which is primarily caused by division of the Row field at the site of the divider. A region with negative axial velocities with a diameter of about 30% of the local diameter of the bulb is seen opposite to the flow divider. Secondary flow at this site is almost entirely directed towards the divider wall. In a small region near the side wall, secondary flow is directed towards the non-divider wall. When axial flow is defined as the velocity component parallel to the axis of the common carotid artcry and secondary flow as the velocity components perpendicular to this axis, it is found that secondary flow at the entrance of the bulb is almost zero over the whole region except for a small region along the side wall. In this region secondary flow is directed towards the non-divider wall. These lindings indicate that the main flow direction at the entrance of the internal carotid artery is still parallel to the axis of the main branch.
Halfway along the bulb (II) the geometry of the region with negative axial velocities has changed and in the plane of symmetry increased to a diameter of about 60% of the local bulb diameter. The maximum of axial velocity is shifted towards the divider wall and the low-numbered axial velocity contours are Cshaped. All these effects are strongly related to secondary flow at this site. The secondary vector plot shows some resemblance with a Dean vortex; near the plane of symmetry the secondary velocities are directed towards the divider wall and near the side wall they point circumferentially back towards the non-divider wall.
At the end of the bulb (12) no reversed axial flow region is found. High axial velocities are observed near the divider wall and a region with almost equal axial velocities is found near the non-divider wall. The bending of the axial velocity contours has shifted to the more high-numbered ones. Secondary flow at this site has grown in strength with regard to secondary flow halfway along the bulb. Near the non-divider wall. secondary flow still shows great resemblance with a Dean vortex, but near the divider wall all secondary velocities are directed towards the opposite wall. The latter effect originates from the tapering of the bulb near its end which causes high secondary velocities directed towards the center of the branch in regions with high axial velocities.
In the external carotid artery no reversed axial flow is found. The highest axial velocities are found near the divider wall. Downstream in the branch the highnumbered axial velocity contours become C-shaped. At both sites in the external carotid artery the secondary velocities are directed towards the divider wall near the plane ofsymmetry and circumferentially back near the side wall. Near the flow divider the secondary velocities are directed towards the opposite wall probably due to boundary layer development.
Descriptive comparison with experiments
In Fig. 4 Regarding secondary Row, there is a fair agreement between the numerical and experimental data. The largest differences are found near the flow divider in both daughter branches. This again may be caused by numerical errors due to the ill-shaped elements near the Row divider, but it cannot be excluded that measuring problems near the flow divider also contribute to this discrepancy. with u,, the axial velocity component. A the surface of the cross-sectional plane, x the distance along the xaxis towards the center and R the radius of the level considered (Fig. 6) . A positive value in the daughter branches means a shift of axial Row towards the divider wall and in the main branch towards the side of the external carotid artery. Table 2 u,, ds with s the boundary of a region with surface A. u,' the tangential secondary velocity at s and R,,, and U,,, the radius of, and mean axial velocity in the common carotid artery, respectively. For the six levels considered, s is defined as depicted in Fig. 6 . The radius of the region surrounded by s was chosen so that for most of the levels, e reached its maximal value. A negative value of { means that the vorticity occurs clockwise. Table4 gives the values of < for the six levels analysed. together with the 95%-confidence intervals. From the data presented in this table it can be concluded that the resemblance between the expcrimental and numerical results is quite satisfactory. The relative large confidence intervals for the experiments are mainly caused by positioning errors of the measuring volume. As a consequence of the large velocity gradients near the wall, small positioning errors may cause relatively large measuring errors of the sccondary velocity at boundary s. The mean axial vorticity at the end of the bulb is large compared to the other values, especially at the entrance of and halfway along the bulb.
InJhencr of vurious purumrters
Because the Reynolds number and flow division ratio vary essentially during a heart cycle (Ku ct al., 1985) . computations were also performed at a Reynolds number of 300 and a flow division ratio of 63/37. In an in oiuo study performed by Reneman ef d. (1985) . it was found that the angle between the internal and common carotid artery is 10.8" + 5.2" for a group of I I adults between the ages of 20 and 30 yr and 12.6 f 3.5" for a group of 9 adults between the ages of 50 and 60yr. Determination of the geometry of the carotid artery bifurcation by measuring several dimensions from post-mortem casts of this bifurcation, indicated that the angle between the internal and common carotid artery was 10.5" + 7". essentially smaller than the angle proposed by Bharadvaj CI al. (1982) . Therefore, a computation was also carried out in a model of the bifurcation with an angle between the internal and common carotid artery of lo", instead of 25". When varying one parameter. the other two were kept unchanged. Table 5 Table 5 ). 
